The lubricated semi-hyperbolic die has been proposed as a technique for generating uni-axial extensional flow and, hence, as a device for measuring elongational viscosity. Two methods for extracting extensional viscosity data for polymer melts in laminar flow from this device have been proposed and are evaluated here. Following the approach proposed by Collier and coworkers, values of the transient extensional viscosity, h e + , obtained from a non-lubricated semi-hyperbolic (SHPB) die for several polyethylene (PE) melts were found to be considerably higher than values obtained by means of the Münstedt-type device. Furthermore, the values of h e + obtained from the SHPB die were considerably higher than the strain averaged values of h e + which Everage and Ballman proposed would be obtained from a lubricated SHPB. The pressure drop across a SHPB die was estimated assuming resistance was all due to wall shear (using the lubrication approximation) for two PE resins. In the case of low density PE (LDPE) the values agreed to within 20% of the measured values suggesting that shear effects at the die wall were dominating the pressure drop and not extensional stresses. An analysis was carried out which showed that in the presence of lubrication the conditions for which the values of h e + obtained from the SHPB would be relatively accurate (Hencky strains > 5.0).
INTRODUCTION
Elongational rates reached on uni-axial extensional rheometers of the Münstedt or Meissner type are often considerably lower than those encountered in polymer processing operations (at least an order of magnitude lower) [1] . Furthermore, it is often difficult to obtain accurate measurements of the transient extensional viscosity, h e + , at high strains for polymers which do not exhibit a significant degree of strain hardening because of sample necking. It is, thus, of great importance to find an accurate way of determining the elongational viscosity, h e + , of polymer melts at high strains and strain rates.
The semi-hyperbolic (SHPB) die, as shown in Fig. 1 , has been proposed as a method to fulfill this objective [2 -3, 8 -11] . In the presence of lubrication on the wall or at high Reynolds number, Re, it has been determined that a die geometry in which the radius varies as R 2 z = c will lead to uni-axial extensional flow of kinematics of the form: (1) where the extension rate is given as (2) James and coworkers [9 -11] verified that the channel of shape shown in Fig. 1 does subject fluids to constant rates of extension, even a strongly elastic fluid, in the core region of the die at high Reynolds numbers. Of course, for a viscous polymer at low Reynolds number, lubrication is required to eliminate the effects of shear from the die wall.
The concept of using a lubricated die designed with a profile to create constant exten- sion rate to obtain extensional viscosity data was proposed by Everage and Ballman [8] in 1978. The die, which is shown in Fig. 3 , was attached to a capillary rheometer and was fed by a thin sheath of low viscosity fluid which encapsulated the polymer melt entering the die. From a force balance they related the tensile stress to the pressure drop across the lubricated die, DP o , which was corrected for the pressure drop associated with flow of the lubricating fluid,
(Here we have used the sign convention that a tensile stress is negative). Everage and Ballman recognized that the flow was unsteady in the Lagrangian sense and, hence, they proposed that the stress values obtained from the lubricated die would provide the time or strain averaged elongational viscosity at the strain imposed by the die. By integrating independently measured values of h e + for a polystyrene over the same time range as encountered in the die to obtain a time averaged value of h e + , they reported values which they claimed were in good agreement with those obtained from the lubricated die for a polystyrene melt.
In a similar time frame, the concept of a lubricated die of the shape shown in Fig. 1 was also discussed by Macosko and Winter [4, 5] who used lubricated dies and orthogonal stagnation flows to generate shear-free flows. In essence, symmetric lubricated dies directed toward each other were used to generate the desired kinematics at the center of the impinging flows. Others have also reported studies on similar flows using flow birefringence to measure the stresses along the centerline of the die [6, 7] .
James and coworker [9 -11] extensively evaluated the semi-hyperbolic die as a device for measuring the extensional viscosity of polymer solu- Everage (1978) ].
tions at high Reynolds numbers (~ 100) where in the core pure uniaxial extensional flow was found to exist. From their analysis they found that the extensional normal stress difference (t zz -t rr ) at any z position in the die was given by the pressure difference at the entry and at the die wall at any position z, a term for kinetic energy changes in the core, and two terms related to the boundary layer flow. There is some question about the last two terms in their expression as one is associated with the second normal stress difference in shear and the other involves a shear stress term which arises as discussed later due to the geometric effect. They recognized that the stress difference could be obtained at different strain levels by measuring pressures along the die wall. The disagreement between values of extensional viscosity measured in a SHPB die and those measured using an opposing jet device was attributed to the lack of values of N 2 , the second normal stress difference in shear. However, we believe that the term involving N 2 is in error as it arises over the radial coordinate and should cancel out due to the stresses being equal in extensional flow (i.e. t rr -t).
More recently Collier and coworkers [2, 3] have revisited the use of a lubricated semi-hyperbolic die (SHPB) to measure the elongational viscosity of polymer melts and solutions in the creeping flow regime (i.e. Re ~ 0.0). Based on inviscid fluid theory the shape of the die which gave constant extension rate was defined by R 2 z = c, where c is a constant determined by the geometry shown in Fig. 1 and R is the radius at any z position. The SHPB die was used in conjunction with a capillary rheometer and was initially fed by a polymer encapsulated with resin of much lower viscosity [2] . Collier and coworkers [2, 3] demonstrated that an essentially pure elongational flow could be obtained in the core of a skin-core-coextrusion through a semi-hyperbolic die where the core to skin viscosity ratio was of the order of 30 to 100. Later, Collier and coworkers [3] reported that it was not necessary to use lubrication as the measurements only differed within experimental error when no lubrication was used. Most of the data reported to date resemble shear viscosity data but only higher in magnitude than extensional data, which raises doubt as to the validity of the method [2] .
The original analysis proposed by Collier and coworkers was different than that of Everage and Ballman as they assumed that the flow was steady in the Lagrangian sense and, therefore, the extra stresses were constant throughout the flow region. Furthermore, they, as did Everage and Ballman, neglected the contributions from P rz (which arises as a result of the use of cylindrical coordinates to analyze the geometry even in the presence of slip when the geometry is actually a semi-hyperbola of revolution) which as shown later can only be ignored at high strains. The expression they obtained by integrating the energy equation over the length of the die was proposed to yield the steady state extensional viscosity, h e (actually Collier and coworkers refer to this as the effective viscosity): (4) where e is the Hencky strain, e · is the extension rate and DP o is the pressure measured at the entrance to the die (actually it is the pressure drop ). Later Feigl and coworkers [14] carried out their analysis with the recognization that the stresses are not constant in the Lagrangian sense. However, they did not present a new analysis but suggested that at high enough Hencky strains, the stresses would reach steady state and in the presence of slip their analysis would be valid. They compared calculated values of extensional viscosity using the finite element method to those determined by integrating a constitutive equation for a LDPE polymer melt and said there was good agreement between the values. However, looking more closely at their comparison it is seen that there is a significant difference in the values when comparing the extensional viscosity at the same extension rate and strain.
This method has great potential for obtaining the elongational viscosity of polymeric materials at high strains and strain rates relative to the commonly used methods involving stretching of samples with free surfaces. However, there are several issues which must be addressed before this method can be used to obtain elongational viscosity data. 
EXPERIMENTAL

MATERIALS
The three polyethylene resins used in this study are commercially available, and their molecular characteristics are presented in Table 1 . Molecular weight distribution information was obtained using combined high temperature gel permeation chromatography, intrinsic viscosity measurements, and low angle laser light scattering measurements. This triple-detector technique provides absolute molecular weight determination and can be used to determine branch content in the sparsely branched resins. Details of the molecular characterization techniques (provided by Dow Chemical) are given elsewhere [12] .
RHEOLOGICAL MEASUREMENTS
Viscosity versus shear rate data were obtained from a cone-and-plate rheometer (RMS-800) in a range of shear rates from 0.001 to 1.0 s -1 using a 25 mm fixture with a cone angle of 0.1 radian. Dynamic oscillatory shear data were obtained using 25 mm parallel plate fixtures and results are presented in Fig. 4 . All measurements were carried out at 150∞C.
Transient uniaxial extensional viscosity measurements were carried out at 150∞C using a device of the Münstedt design (Rheometrics Extensional Rheometer, RER-9000) at extension rates from 0.01 to 1.0 s -1 for Hencky strains up to about 3.0 [12] . 22 mm long cylindrical test specimens were compression molded at 170∞C and allowed to cool slowly. They were then bonded to test clips using a high-temperature UHU epoxy, mounted in the rheometer, and immersed in a neutrally buoyant silicone oil bath at 150∞C. Once thermal equilibrium was achieved, a constant extension rate was applied to the sample and the force recorded as a function of time.
Results for each extension rate represented the average of three runs.
Measurements were also carried out in a semi-hyperbolic die having an initial radius of 20 mm and a length of 25 mm (these were carried out at the University of Tennessee). Data were obtained at extension rates from 0.007 to 30.0 s -1 and strains of 4, 5, 6, and 7. The method of reducing pressure drop and flow rate data to extensional viscosity proposed by Collier and coworkers [2] was followed here.
RESULTS AND DISCUSSION
SHEAR VISCOSITY
Shear viscosity versus shear rate data are presented in Fig. 4 for the three resins. We note that both NA952 and Dow PL1840 have similar values of the zero shear viscosity, h o , while the LLDPE, NTX 101, exhibits a value of h o which is about one half of that of the branched resins. Furthermore, the branched resins are highly shear thinning with the densely branched NA952 exhibiting the onset of shear thinning at shear rates well less than 0.01 s -1 while the sparsely branched resin exhibits shear thinning behavior just above 0.01 s -1 . The onset of shear thinning for the LLDPE sample occurs at a shear rate of about 0.1 s -1 . At high shear rates the viscosity of the LLDPE sample and the sparsely branched resin (PL 1840) are very similar. The data are important as they provide information pertaining to the zero shear viscosity and a rough order of magnitude of the extensional viscosity. 
EXTENSIONAL VISCOSITY
Extensional viscosity data are presented in Figures 5 to 7 for the three resins. Here h e + is plotted versus strain, e, for two extension rates, e · , of 0.1 and 1.0 s -1 . For strains less than 3.0, the data were obtained by means of the RER-9000 while for strains greater than 3.0 they were obtained from the semi-hyperbolic (SHPB) die. Although the two sets of data do not quite overlap, there is a trend which suggests the two sets of data are consistent. On the other hand, for LLDPE (Fig.  6 ) which does not exhibit strain hardening, but tends to reach equilibrium values of h e + , the values obtained from the SHPB die are about an order of magnitude higher than those obtained from the RER-9000. There is also a significant discrepancy for the PL1840 sample (Fig. 7) . At low values of g · and e · , it is known that h e ª 3h o . We observe for LLDPE (NTX 101) that h e obtained from the SHPB die is about 2 or 3 orders of magnitude higher than h o , but that at low deformation rates (i.e. data obtained from the RER-9000) h e is about 3h o (i.e.~ 65,000 Pa s -1 ). The results for the sparsely branched PL1840 are intermediate between the LLDPE and LDPE, but again at low extension rates the data obtained from the RER 9000 are consistent with 3h o (~ 140,000 Pa s -1 ).
Everage and Ballman [8] proposed that the pressure measured using a SHPB die would provide a strain averaged extensional viscosity. Using the extensional stress growth data for LDPE and LLDPE the strain-averaged extenional viscosity at three extension rates was determined and is shown in Fig. 8 . The values from the SHPB die are also presented here, and it is observed that they are more than one decade higher than the averaged values obtained from the extensional rheometer. In other words, the values of extensional viscosity obtained by means of the SHPB do not represent strain averaged extensional viscosity values.
EFFECT OF WALL SHEAR ON PRESSURE DROP
In general, the values of extensional viscosity determined by means of the SHPB appear to be significantly higher in magnitude than those measured using the RER 9000. Although it has been proposed by Collier and coworkers [3] that the effect of shear has negligible influence on the pressure drop measurements across the SHPB die (i.e. the pressure drop is all due to extensional deformation), we next estimate whether shear at the die wall has a significant effect on the pressure drop. The pressure drops across the SHPB die due to shear alone were estimated using the lubrication approximation [13] . For a fluid whose viscosity function is described by the power-law, then DP o is given by (5) where s = 1/n, n is the power-law index, m is the consistency, z o is determined by the strain (i.e. r e and r o ) and z e = 25 mm. For the SHPB die R(z) is determined by the following equation where c = R o 2 z o = R e 2 z e (e.g. when the strain is 4, c = 229). We also note for this flow that the extension rate is given in Eq. 2. Values of m and n were determined from the viscosity data shown in Fig.  4 for LDPE and LLDPE.
Results of pressure drop, DP o , due to shear as estimated from the lubrication approximation and measured values of DP o versus extension rate are presented for LDPE and LLDPE in Figs. 9 and 10, respectively, for a strain of 7. For LDPE we observe that the predicted pressure drop based on the lubrication approximation is about 20% higher than the measured values, and the shapes of the curves are very similar. This suggests that the pressure drop is primarily determined by shear at the die wall rather than the extensional behavior of LDPE. Similar results are presented for LLDPE in Fig. 10 . At low extension rates (values < 2.0 s -1 ) the values of DP o calculated by means of the lubrication approximation are similar to the measured values, but as the extension rate is increased there is considerable disagreement. The values of DP o calculated by means of the lubrication approximation are significantly higher than the measured values which seem to reach a plateau. The lack of a significant buildup in pressure is most likely due to slip at the wall associated with slip/stick melt fracture. In Fig. 11 is shown the shear stress versus apparent shear rate for NTX101. At a shear rate of about 110 s -1 slip/stick fracture occurs, and there is no increase in shear stress (DP across the capillary) up to a shear rate of about 500 s -1 . In fact there is a plateau in the shear stress until a shear rate of about 500 s -1 . In this range of shear rates the pressure actually oscillates around a mean value but does not increase. In the SHPB die at the die exit the relation between the apparent shear rate and extension rate is (this is from Eq. 2 and the apparent shear rate expression)
For example, for e = 7.0 (i.e. R e = 0.3mm and c = 11.39) an extension rate of 1.0 s -1 corresponds to a shear rate of 1687 s -1 . Hence, it is apparent that there is slip in the SHPB die for the LLDPE sample, and the measured pressure drop is significantly lower than the calculated value (melt fracture was observed for samples extruded from the SHPB die). In spite of slip, the extensional viscosity obtained from the SHPB using the procedure of Collier is still too high. Hence, besides shear effects there must be another factor.
ANALYSIS OF THE SEMI-HYPERBOLIC DIE
It is apparent from the results presented above that lubrication of the wall (either by a low viscosity fluid or surface treatment) is necessary to obtain extensional viscosity from pressure drop measurements across a SHPB die. Furthermore, there are flaws in all of the analyses presented for obtaining values of the extensional viscosity. The analysis of the lubricated SHPB with the purpose of extracting extensional viscosity data is re-examined next. The conditions for which there is a possibility to extract the elongational viscosity from a lubricated SHPB die are derived. This is the desired transient normal stress difference needed to obtain the time or strain averaged elongational viscosity at any z position (which corresponds to time or strain). We note that at z = z e , P(R) = 0 and, hence, p zz = -DP o which is consistent with Everage and Ballman's result. Hence, it seems that it may be possible to obtain h e + at any instant or strain for large strains (in the case we analyzed here for strains greater than about 5.0) provided the pressure at various z positions is measured along the wall of the die (this should feasible by using pressure taps and placing the transducers along a spiral path around the die). We propose that Eq. 12 is the basis for building an extensional rheometer which should give values of h e + at least at high strains. We note that James and coworkers [9 -10] built a device with pressure transducers as suggested here for measurements of extensional viscosity at high Re, but did not realize the correction required for geometric considerations and that the values would be time or strain averaged values.
Finally, we note that this solution is based on the assumption of slip at the die wall (i.e. lubrication). There still exists the possibility that a significant contribution to the pressure comes from viscous shear effects at the die wall. The die profile after about the first 15 % of the length, z e , is of only slightly varying radius (Fig. 12a) , and the capillary walls are expected to contribute significantly to the resistance of flow. Although it may be possible to build in a correction to Eq. 12, this aspect must be more fully evaluated before we can expect to obtain reliable values of elongational viscosity. Certainly a full numerical simulation of the die is necessary in the future in order to assess the degree of slip required to minimize wall shear effects and to evaluate the assumptions which allow one to eliminate the geometrical contributions to the stresses (i.e. p rz ). Feigl and coworkers [14] have initiated this type of study using a K-BKZ integral constitutive relation and did report that at Hencky strains of 6 and 7 in the presence of complete slip that values of extensional viscosity were obtained which agreed with those determined by integrating the constitutive equation over the same range of strain or time. However, a closer look at their results shows that there is significant disagreement between the numerically calculated values and those obtained by integrating the constitutive equation over time (or strain). It seems that a thorough numerical solution could allow one to determine the degree of slip required to get reasonably accurate values of the extensional viscosity and the magnitude of the correction for the geometric factor.
CONCLUSIONS
Values of the transient extensional viscosity, h e + , obtained from a semi-hyperbolic die without lubrication following the method proposed by Collier and coworkers for several polyethylene melts were significantly higher than values obtained from a Münstedt device and 3h o over a range of extension rates from 0.01 to 1.0 s -1 . Furthermore, the values of h e obtained from the SHPB die were considerably higher than the strain averaged values of h e + which Everage and Ballman proposed would be obtained from a lubricated SHPB. Based on calculations of the pressure drop across a SHPB die designed to produce a Hencky strain of 7.0, it is apparent that the pressure drop is dominated by shear at the die wall when no lubrication is used. In the case of LLDPE, the pressure drop calculated by means of the lubrication approximation was considerably higher than the measured values, but this was attributed to slip-stick. However, in spite of slipstick, values of h e + obtained from the SHPB die were significantly higher than the values obtained from the Münstedt device. A new analysis was presented which showed that in the presence of lubrication the values of h e + (or at least strain averaged values) obtained from the SHPB will be valid at Hencky strains greater than about 5.0. This conclusion was reached based on geometric considerations and the fact that the principal stresses align with the principal strain rates in the SHPB only at high strains. Collier and coworkers have now acknowledged that the flow is unsteady in the Lagrangian sense and, hence, the stresses do not reach steady values until the high strains. In the presence of complete slip they claim, based on numerical calculations, that reasonably accurate values of extensional viscosity are obtained. However, no new analysis is proposed for extracting extensional viscosity values for pressure drop and flow rate measurements.
